
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Virus Research 295 (2021) 198305

Available online 19 January 2021
0168-1702/© 2021 Elsevier B.V. All rights reserved.

A stable platform for the production of virus-like particles pseudotyped 
with the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 
spike protein 

Sylvie Roy a, Karim Ghani a,b, Pedro O. de Campos-Lima c,d, Manuel Caruso a,b,e,* 
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A B S T R A C T   

In this study, we showed that a codon optimized version of the spike (S) protein of SARS-CoV-2 can migrate to 
the cell membrane. However, efficient production of Moloney murine leukemia (MLV) infectious viral particles 
was only achieved with stable expression of a shorter S version in C-terminal (ΔS) in MLV Gag-pol expressing 
cells. As compared to transient transfections, this platform generated viruses with a 1000-fold higher titer. ΔS 
was 15-times more efficiently incorporated into VLPs as compared to S, and that was not due to steric inter
ference between the cytoplasmic tail and the MLV capsid, as similar differences were also observed with 
extracellular vesicles. The amount of ΔS incorporated into VLPs released from producer cells was high and 
estimated at 1.25 μg/mL S2 equivalent (S is comprised of S1 and S2). The resulting VLPs could potentially be 
used alone or as a boost of other immunization strategies for COVID-19.   

1. Introduction 

A cluster of severe pneumonia cases emerged in Wuhan in the Chi
nese province of Hubei in December 2019 and has quickly become a 
worldwide pandemic. A new virus was later identified as the etiological 
agent: the severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2), and the condition was named coronavirus disease 2019 (COVID-19) 
by the World Health Organization (Zhou et al., 2020; Zhu et al., 2020b). 
As of today, January 7th 2021, 88 million people have been infected, 
and 1.9 million deaths have been recorded (gisaid.org), but these 
numbers are probably well underestimated. In addition to its severe 
health threat, COVID-19 has profound socioeconomic consequences 
(Nicola et al., 2020). 

SARS-CoV-2 is the seventh human coronavirus that has been iden
tified so far. HCoV-NL63, HCoV-229E, HCoV-OC43 and HKU1 strains 
are constantly present in the human population and cause mild 
common-cold symptoms (Fung and Liu, 2019). The other two, 
SARS-CoV and the Middle East respiratory syndrome (MERS)-CoV, are 
similar to SARS-CoV-2 in that they are pathogenic causing acute 

respiratory disease (Cui et al., 2019). Two epidemics were caused by 
SARS-CoV and MERS-CoV, respectively: SARS that originated in China 
in 2002 and MERS which emerged 10 years later in the Middle East. 
These two viruses did not spread widely as only 8096 cases were re
ported for SARS-CoV and 2494 for MERS, but they had an exceedingly 
high mortality rate (9–35 %) as compared to SARS-CoV-2 (Petersen 
et al., 2020). There have been no new cases of SARS-CoV reported since 
2004 although MERS is still endemic in the Middle East (Docea et al., 
2020). The three pathogenic coronaviruses are zoonotic and have 
emerged from bats with dromedary camels, palm civet and most likely 
pangolin being the intermediary host for MERS-CoV, SARS-CoV and 
SARS-CoV-2, respectively (Corman et al., 2014; Lam et al., 2020; Lau 
et al., 2020; Li et al., 2005; Reusken et al., 2016; Zhang et al., 2020). 
Coronaviruses are single-stranded positive-sense RNA viruses that are 
composed of four structural proteins: spike (S), nucleocapsid, envelope 
and membrane (Fung and Liu, 2019). The S protein that is about 180 
kDa assembles as a trimer at the virus surface. It is composed of two 
subunits S1 and S2 that are responsible for the virus attachment and 
fusion, respectively. MERS uses dipeptidyl peptidase 4 as its receptor, 
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while SARS-CoV and SARS-CoV-2 share the same receptor for entering 
cells: the angiotensin-converting enzyme 2 (ACE2) (Hoffmann et al., 
2020; Letko et al., 2020; Li et al., 2003; Ou et al., 2020; Raj et al., 2013). 

Efforts are being made to identify candidate neutralizing antibodies 
(Nabs) that could block the interaction of SARS-CoV-2 S with its receptor 
and that could be used for treating infected patients (Marovich et al., 
2020; Renn et al., 2020; Smith et al., 2020). Several vaccine strategies 
for COVID-19 are also intensively pursued, with S protein being the 
major target (Amanat and Krammer, 2020; Dong et al., 2020; Moore and 
Klasse, 2020; Moreno-Fierros et al., 2020). These vaccines are produced 
from different platforms: RNA, DNA, recombinant proteins, viral 
vector-based or virus-like particles (VLPs), and live attenuated and 
inactivated viruses (Amanat and Krammer, 2020; Dong et al., 2020; 
Moore and Klasse, 2020; Moreno-Fierros et al., 2020; Xu et al., 2020). 

Vaccines made from RNA, DNA or proteins are usually easier to 
manufacture than those that are virus-derived, but it is generally 
accepted that vaccines made of the original virus (attenuated) or from 
VLPs induce a better immune response (Mohsen et al., 2017). This is an 
important point to consider as a COVID-19 vaccine ideally should induce 
high-titer Nabs for a long-lasting period of time. 

Results obtained in animals and in humans have shown that both 
humoral and cellular immune responses can be obtained with different 
vaccine strategies, and that Nab titers achieved by vaccination in 
humans were comparable to those measured in the serum of COVID-19 
convalescent individuals (Erasmus et al., 2020; Folegatti et al., 2020; 
Gao et al., 2020; Guebre-Xabier et al., 2020; Jackson et al., 2020; Keech 
et al., 2020; Logunov et al., 2020; Mercado et al., 2020; Moore and 
Klasse, 2020; Mulligan et al., 2020; Polack et al., 2020; Ravichandran 
et al., 2020; Ren et al., 2020; Smith et al., 2020; Walls et al., 2020; Wang 
et al., 2020; Xia et al., 2021; Yu et al., 2020; Zhu et al., 2020a). Thanks to 
world global efforts, some vaccines are reaching the commercialization 
phase (Ledford, 2020; Ledford et al., 2020). 

VLPs are produced by the assembly of viral proteins that do not 
contain genetic material, and that are then unable to replicate. VLPs are 
advantageous for their immunostimulatory activity: they are highly 
recognized by antigen-presenting cells and the repetitive arrangement of 
antigens on their surface is capable of inducing both innate and adaptive 
immune responses with a high level of Nabs (Mohsen et al., 2017). 
VLP-based vaccines have already been successfully developed for 
Human Papilloma Virus, Hepatitis B, E, and A Virus and influenza virus 
(Mohsen et al., 2017). 

The difficulty of developing COVID-19 vaccines in a short period of 
time is compounded by the major hurdle of creating mass production 
capacity to deliver the final product for the entire world population. In 
this study, we have engineered and characterized a Moloney murine 
leukemia virus (MLV) VLP platform that has the potential for large-scale 
production of a COVID-19 vaccine. 

2. Results 

2.1. The SARS-CoV-2 S protein migrates to the cell surface 

The production of an MLV-derived VLP COVID-19 vaccine requires 
the presence of the carried immunogenic molecule (in our case the S 
protein) at the surface of the producer cell. As coronaviruses assemble at 
the ER-Golgi intermediate compartment (Fung and Liu, 2019), we had 
first to verify if the S protein could migrate efficiently to the cell surface. 
A full-length, codon-optimized S gene as well as a shorter version in 
which the last 3′ 57 nucleotides are lacking (ΔS) were cloned into an 
expression vector. The rationale for the construction of the latter is 
based on the presence of an endoplasmic reticulum retention signal in 
the cytoplasmic tail of the coronaviruses S protein, and previous reports 
that a 19-amino acid C-terminal deletion of SARS-CoV S increases the 
production of MLV or vesicular stomatitis virus (VSV) infectious parti
cles (Fukushi et al., 2005; Giroglou et al., 2004; Howard et al., 2008; 
Lontok et al., 2004; Petit et al., 2005; Sadasivan et al., 2017; Ujike et al., 

2016). After transfection in 293 cells, both S versions were detected by 
FACS with a very similar intensity at the cell surface, and there was no 
staining with untransfected cells or cells transfected with a gibbon ape 
leukemia virus (Galv) envelope plasmid control (Fig. 1). These results 
indicated that S was able to efficiently migrate to the cell membrane and 
that, in these experimental conditions, the endoplasmic reticulum 
retention signal did not affect its localization. 

2.2. Inefficient transient production of infectious recombinant MLV 
viruses pseudotyped with the SARS-CoV-2 S protein 

The production of VLPs pseudotyped with S or ΔS (VLP-S) was next 
assessed by generating GFP retroviral vectors in transient transfections. 
Titers were measured by FACS analysis on 293-ACE2 cells, a cell line 
generated by stable transfection that is 52 % positive for ACE2 (Fig. 2A). 
Titers of 3.2 × 107 infectious units (IU)/mL and 1.5 × 106 IU/mL were 
obtained for VSV-G- and the Galv-pseudotyped viruses, although titers 
of S and ΔS-pseudotyped viruses were below the detection limit of 104 

IU/mL (Fig. 2B). Only few GFP cells could be observed by fluorescence 
microscopy after infection with the ΔS-pseudotyped virus and there 
were none when the S-pseudotyped vector was used (Fig. 2C). Thus, 
these results indicated that the transient production was extremely 
inefficient for generating VLP-S, even with ΔS. 

2.3. ΔS-pseudotyped MLV recombinant viral particles are efficiently 
released from stable producer cells 

We have shown that stable retrovirus packaging cell lines can 
generate Galv-pseudotyped vectors with at least 10-fold higher titers as 
compared to transient transfection productions (Ghani et al., 2009). We 
then hypothesized that S or ΔS stably expressed in 293GP cells (293 cells 
that express MLV Gag-pol) could be a better system to produce VLP-S. 
Stable populations of 293GP cells expressing S and ΔS were then 
generated by transfection. In these cells, S and ΔS were able to localize at 
the cell surface at even higher levels than what we found in transient 
transfection (Fig. 3A). A GFP retroviral vector was then introduced in 
these cells by infection (Fig. 3B), and titers of GFP viruses released by 
these new producers were measured after infecting 293-ACE2 cells. Only 
few GFP positive cells could be detected by fluorescence microscopy 
after infection of 293-ACE2 cells with the S-pseudotyped vector, but a 
very high percentage of fluorescent cells was observed after infection 
with the ΔS virus. A high number of GFP positive cells was seen with the 
Galv virus diluted 10-times as compared to the two other vectors 
(Fig. 4A). Titers of 1.6 × 107 IU/mL and 105 IU/mL were measured for 
the Galv and ΔS-pseudotyped viruses, respectively, and the S-pseudo
typed vector titer was below the detection limit of 104 IU/mL, as ex
pected (Fig. 4B). We could conclude that the production of recombinant 
viral particles was robust from stable producers expressing ΔS and 
inefficient with the S full-length version of SARS-CoV-2. 

2.4. High amounts of SARS-CoV-2 ΔS protein are released from stable 
producer cells 

A VLP-derived SARS-CoV-2 vaccine will be a viable option if suffi
cient amounts of S protein are incorporated at the surface of the released 
particles. Western blots were performed with an anti-S2 antibody to 
evaluate the quantity of S protein into VLPs produced in transient 
transfections and from stable producers. Two bands were detected 
around 90 KDa that are most likely two glycosylated forms of S2. The 
uncleaved S protein migrated around 180 kDa, and two other bands 
above 250 kDa were also detected in the ΔS samples that had more 
intense signals. These bands could be dimeric and trimeric forms of S as 
it has been suggested (Ou et al., 2020). The amount of S2 detected in 
transient transfections or released from stable producers was much 
higher with the truncated version of S than with the full-length molecule 
(Fig. 5A). A 4- and a 15-fold difference was found with the transient and 
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the stable production systems, respectively (Fig. 5B), although there was 
less than a 1.5-fold difference between S and ΔS in cellular extracts 
(Fig. 5C). More ΔS was also released as compared to the full-length 
protein in the supernatants of stably transfected 293-ΔS cells, however 
the amount of ΔS detected was 4-to-5 times lower than the one released 
from the 293GP-ΔS cells. The amount of S2 equivalent present in the 
supernatant of 293GP-ΔS cells was high and evaluated at 1.25 μg/mL 

using the IgG-S2 standard (Fig. 5A). In this blot, MLV viral particles 
produced in transient transfection or from stable producers were 
detected with an antibody against p30 (Fig. 5A). In conclusion, our re
sults indicated that the production of S is very efficient in stable pro
ducers but only with the truncated version of S. 

Fig. 1. Expression of S protein at the surface of 293 cells. FACS analysis of untransfected and transiently transfected cells with plasmids encoding the Galv envelope, 
the full-length S protein, and the ΔS version. S was detected with an anti-S1 antibody. The results shown are representative of three independent experiments. 

Fig. 2. Transduction efficiency of different GFP pseudotyped vectors produced in transient transfections. (A) Expression of ACE2 at the surface of 293-ACE2 cells 
measured by FACS analysis with an anti-ACE2 antibody. The dark grey histogram represents parental 293 cells. The results shown are representative of two in
dependent experiments. Two days after infection of 293-ACE2 cells, titers of VSV-G-, Galv-, S- and ΔS-pseudotyped vectors were (B) measured by FACS analysis or (C) 
evaluated by fluorescence microscopy. Values presented are the mean ± SD of three independent experiments. Titers of S- and ΔS-pseudotyped viruses were too low 
to be detected by FACS analysis. Fluorescent and bright-field pictures are displayed. The envelope pseudotype and the volume used for infection are indicated. ND: 
not determined. 
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2.5. SARS-CoV2 ΔS protein is preferentially incorporated into MLV VLPs 
versus extracellular vesicles 

As stable transfected 293 cells were capable of releasing S or ΔS, we 
decided to further characterize the supernatants of the 293GP-ΔS. We 
used an iodixanol velocity gradient to discriminate VLPs from extra
cellular vesicles (EVs) as iodixanol solution has a neutral pH and an 
osmolarity that renders it suitable for the separation of viral particles 
and EVs (Ford et al., 1994). Furthermore, this technique has been used in 
the past to successfully separate human immunodeficiency viruses (HIV) 
from EVs (Cantin et al., 2008; Dettenhofer and Yu, 1999). Western blots 
with anti-S2 and anti-p30 antibodies were performed on the collected 
gradient fractions of 293-ΔS and 293GP-ΔS supernatants. S2 was 
detected in the top fractions from the 293-ΔS supernatant but there were 
none in the last 3 bottom fractions (Fig. 6A). A similar detection pattern 
was observed in the top fractions of the supernatant from 293GP-ΔS, but 
the majority of S2 came from the 2 bottom fractions in which a band 
corresponding to the uncleaved S protein was also detected. The p30 
signal was present in these two fractions, which indicated that the ma
jority of ΔS released from 293GP-ΔS cells was incorporated into VLPs 
(Fig. 6B). 

3. Discussion 

Immunization will be the best preventive strategy to address the 
current COVID-19 pandemic, although therapeutic alternatives cannot 
be neglected as a vaccine that would trigger long-term protection is not a 

certainty (Amanat and Krammer, 2020; Moore and Klasse, 2020; Morris, 
2020). Yet results from preclinical and clinical studies are encouraging 
and has started to lead to commercialization approval (Erasmus et al., 
2020; Folegatti et al., 2020; Gao et al., 2020; Guebre-Xabier et al., 2020; 
Jackson et al., 2020; Keech et al., 2020; Logunov et al., 2020; Mercado 
et al., 2020; Moore and Klasse, 2020; Mulligan et al., 2020; Polack et al., 
2020; Ravichandran et al., 2020; Ren et al., 2020; Smith et al., 2020; 
Walls et al., 2020; Wang et al., 2020; Xia et al., 2021; Yu et al., 2020; Zhu 
et al., 2020a). How efficient and how long Nabs will be present in 
vaccinated people remains an open question that will only be answered 
with time (Moore and Klasse, 2020). Also, antibody-dependent 
enhancement will have to be carefully monitored in vaccinated people 
as it is a side effect that cannot be underestimated with coronaviruses 
(Amanat and Krammer, 2020; Moore and Klasse, 2020; Morris, 2020). 
One other major challenge ahead is the capacity to mass produce 
COVID-19 vaccines. In this study, we have established and characterized 
a new MLV-derived VLP platform that could be used for the production 
of a COVID-19 vaccine. 

The efficient pseudotyping of MLV particles with S is a prerequisite 
to establish a robust VLP platform. Studies on SARS-CoV and more 
recently on SARS-CoV-2 have shown that the codon optimization of S 
and the deletion of the ER retention signal located in the cytoplasmic tail 
are modifications that increase the pseudotyping of MLV, HIV, simian 
immunodeficiency virus and VSV viral vectors (Fukushi et al., 2005; 
Giroglou et al., 2004; Kobinger et al., 2007; Moore et al., 2004). The 
codon optimization enhances the level of S expression, but the role of the 
ER retention signal is less clear. Indeed, it was recently reported that the 

Fig. 3. Characterization of stable VLPs producer cells. (A) S expression was measured by FACS analysis of 293GP, 293GP-S and 293GP-ΔS cells with an anti-S1 
antibody. (B) GFP fluorescence of 293GP-Galv/GFP, 293GP-S/GFP and 293GP-ΔS/GFP measured by FACS analysis. The results shown are representative of three 
independent experiments. 
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localization of SARS-CoV-2 S at the cell surface was not improved after 
disrupting the ER retention signal by missense mutations (Crawford 
et al., 2020). In this study, we showed that S could be detected at the cell 
surface at a similar level to that achieved by ΔS in transiently transfected 
cells as well as in stable producers (Figs. 1 and 3A), a finding that has 
also been reported for SARS-CoV S expressed in transient transfections 
(Giroglou et al., 2004; Moore et al., 2004). These results indicate that S 
can bypass its natural localization and efficiently migrates to the cell 
surface when it is overexpressed. 

Despite similar amounts of S and ΔS at the cellular membrane, the 
truncated version was more efficiently incorporated into MLV viral 
particles. Four- and 15-fold differences were obtained with VLPs pro
duced in transient transfection experiments and from stable producers, 
respectively (Fig. 5B). The hypothesis that has been proposed for 
SARS− CoV and SARS− CoV-2 is that the 19 amino-acid deletion in the S 
cytoplasmic tail facilitates the pseudotyping by decreasing the steric 

interference with the retroviral matrix proteins (Crawford et al., 2020; 
Johnson et al., 2020; Moore et al., 2004; Schmidt et al., 2020). Our re
sults invalidate this hypothesis as more ΔS was also found in the su
pernatant of 293 transfected cells that did not express MLV Gag-Pol 
(Fig. 5A). Parental 293 and 293GP cells release EVs that can incorpo
rate ΔS more efficiently than S (Figs. 5A and 6). VLPs and EVs are very 
similar in composition, and it has been postulated that they use similar 
pathways for vesicle trafficking (Gould et al., 2003; Nolte-’t Hoen et al., 
2016). So, unlike S, ΔS was efficiently incorporated into VLPs or EVs, 
like for example tetraspanins or endosomal markers that are equally 
found in both particle types (Gould et al., 2003; Nolte-’t Hoen et al., 
2016). 

EVs released from 293GP-ΔS contain less than 10 % of the total ΔS 
protein, and they would not need to be removed from vaccine prepa
rations as they could be as good immunogens as VLPs. It was even re
ported that EVs containing the S protein of SARS-CoV could induce high 

Fig. 4. Transduction efficiency of GFP pseudotyped vectors released from stable producers. (A) Fluorescent and bright-field pictures are displayed. The envelope 
pseudotype and the volume used for infection are indicated. (B) Titers of Galv-, S- and ΔS-pseudotyped vectors produced from stable producers were measured by 
FACS analysis two days after infection. Values presented are the mean ± SD of three independent experiments. ND: not determined. 
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levels of Nabs (Kuate et al., 2007). 
Titers of recombinant GFP retroviruses released from stable pro

ducers were at least a 1000-fold higher with ΔS versus S despite a 15- 
fold difference in the amount of the two proteins incorporated at the 
surface of VLPs (Figs. 4A and 5 B). Our results suggest that recombinant 
viruses become fully infectious when a certain threshold of S protein is 
incorporated at their surface. 

Recombinant GFP or luciferase retroviruses pseudotyped with S are 
commonly used to measure the activity of Nabs present in serum of 
infected or vaccinated people (Crawford et al., 2020; Jackson et al., 
2020; Johnson et al., 2020; Mercado et al., 2020; Ou et al., 2020; 
Schmidt et al., 2020). These reagents are convenient, as unlike 
SARS-CoV-2 they can be manipulated in a BSL-2 laboratory. The robust 
production system with the 293 GP-ΔS cell line could be highly valuable 
to evaluate the presence of Nabs in large cohorts. 

Mass production will be a major challenge with all types of SARS- 
CoV-2 vaccine that are being developed as the entire worldwide popu
lation will have to be vaccinated. Based on the results of a nanoparticle 
vaccine containing S, whose 5 and 25 μg doses triggered a high level of 
Nabs in people (Keech et al., 2020), we assume that a vaccine derived 
from the VLP platform described in this study could be efficient with 
similar or lower amounts of S per dose. The yield of VLPs produced from 
the 293 GP-ΔS cells could be increased if a high producer clone is 
selected instead of a bulk population, and if cells are cultured in bio
reactors in fed-batch or perfusion modes. The average titer of gene 
therapy vectors produced with a derivative of the 293GP cell line was 
increased by 5.6-fold in bioreactor versus a 10-layer cell factory, and the 

Fig. 5. Quantification of S and ΔS incorporated 
into VLPs. (A) Western blot analysis from 
concentrated supernatants of 293GP and 293 
cells using anti-S2 and anti-p30 antibodies. 
Different amounts of Fc-tagged S2 were also 
loaded on the gel to quantify S2 in VLPs. (B) 
Differences between S and ΔS incorporation 
into VLPs. All the bands detected by the anti-S2 
antibody in S- and ΔS-containing samples were 
quantified and normalized with the signal ob
tained for MLV p30. Values presented are the 
mean ± SD of three independent experiments 
analyzed twice in Western blot. (C) Western blot 
analysis of SARS-CoV-2 S protein in cellular 
extracts. Signals for S2, S, and multimeric forms 
of S were detected with the anti-S2 antibody. 
The Gag precursor pr65 was detected with the 
anti-p30 antibody, and β-tubulin was assessed 
for loading comparison.   

Fig. 6. Incorporation of SARS-CoV-2 ΔS into MLV VLPs. Western blot analysis 
with antibodies against S2 and p30 on collected fractions separated with an 
iodixanol velocity gradient of (A) 293-ΔS and (B) 293GP-ΔS supernatants. The 
arrow below the blot indicates the density gradient. The results shown are 
representative of two independent experiments. 

S. Roy et al.                                                                                                                                                                                                                                      



Virus Research 295 (2021) 198305

7

total vector yield was increased by 13.1-fold (Wang et al., 2015). Mu
tations of the furin cleavage site located between S1 and S2 and the 
D614G variant that became more prevalent in the infected population 
could increase the amount of S incorporated into VLPs (Korber et al., 
2020). 

A very concise review that compared the first results of different 
COVID-19 vaccines concluded that the most immunogenic ones were 
made with recombinant proteins (Moore and Klasse, 2020). These re
sults emphasize the importance of the platform developed in this study 
because VLPs present the antigen in a protein format that seems more 
potent for vaccination than the protein alone. Indeed, MLV VLPs dis
playing the human cytomegalovirus glycoprotein B antigen could 
trigger 10-times more Nabs in mice than the protein alone using the 
same amount of antigen (Kirchmeier et al., 2014). Finally, VLP-ΔS could 
be used as a boost for other types of vaccine like measle virus- and 
adenovirus-based recombinant vectors. These combinations were highly 
potent for triggering Nabs against hepatitis C proteins in mice and ma
caques (Garrone et al., 2011). 

In conclusion, we have developed and characterized a new VLP 
platform that can efficiently incorporate the S protein from SARS-CoV-2, 
and that has the potential to produce a pan-coronavirus vaccine. The 
next logical step is to validate this vaccine in experimental animals and 
in humans thereafter. 

4. Materials and methods 

4.1. Plasmids 

The expression plasmid pMD2ACE2iPuror containing the human 
angiotensin-converting enzyme (ACE2) cDNA used to generate ACE2 
positive cells was constructed as follows: the ACE2 PmeI cDNA fragment 
obtained from the plasmid hACE2 (Addgene; #1786) was cloned in 
pMD2iPuror opened in EcoRV. 

The SARS-CoV-2 S gene from the Wuhan-Hu-1 isolate (GenBank: 
MN908947.3) was codon optimized (Genscript, Township, NJ) and 
cloned in pMD2iPuror in EcoRI/XhoI. A shorter version with a 19-codon 
deletion in C-terminal (ΔS) was also constructed in a similar way. These 
sequences will be made available upon request. 

The pMD2GPiZeor, pMD2.GalviPuror and pMD2.G plasmids that 
encode MLV Gag-pol, and the Galv and VSV-G envelopes have been 
described elsewhere (Ghani et al., 2007). RetroVec is a retroviral vector 
plasmid containing the GFP gene under the control of the 5′ long ter
minal repeat sequence and that was derived from GFP3 (Qiao et al., 
2002). 

4.2. Cell lines 

293GP, 293 cells (ATCC, CRL-11,268), and their derivatives 
expressing the ACE2 receptor (293-ACE2), S (293GP–S and 293-S), 
DeltaS (293GP-ΔS and 293-ΔS) and the Galv envelope (293GP-Galv) 
were cultured with Dulbecco’s modified Eagle’s medium (DMEM; 
Wisent, Saint-Jean-Baptiste, Canada) supplemented with 10 % fetal calf 
serum (Life Technologies, Grand island, NY) and antibiotics (Wisent). 
Bulk populations of 293-ACE2, 293-S, 293-ΔS, 293GP–S, 293GP-ΔS and 
293GP-Galv were established by transfection using the calcium phos
phate procedure. Briefly, subconfluent 293 or 293GP cells plated in 10- 
cm dishes were transfected with 20 μg of the pMD2 plasmids expressing 
ACE2, S, ΔS or Galv. Two days later, cells were selected in puromycin for 
a period of 10 days (0.5 μg/mL). Bulk populations of 293GP–S/GFP, 
293GP-ΔS/GFP and 293GP-Galv/GFP were generated by infections at a 
high multiplicity of infection with the RetroVec GFP recombinant virus. 
The virus was pseudotyped with VSV-G and produced by transient 
transfection in 293 cells as described in the next paragraph. The 3 
derived cell lines were at least 86 % GFP positive (Fig. 3B). 

4.3. Virus productions and infections 

The production of GFP retroviral vectors was generated by transient 
transfection of 293 cells. One day prior transfection, 3 × 106 cells were 
plated in 60-mm dishes. 293 cells were transfected for 4 h by the calcium 
phosphate procedure with 1 μg of envelope expression plasmids (pMD2. 
G, pMD2.GalviPuror, pMD2.SiPuror or pMD2.ΔSiPuror), 4 μg of Gag-pol 
expression plasmid (pMD2GPiZeor) and 5 μg of RetroVec plasmid. Two 
days later, 2.5 mL of viral supernatants were harvested and frozen at -80 
◦C. Recombinant viruses from stable 293GP–S/GFP, 293GP-ΔS/GFP and 
293GP-Galv/GFP cells were also produced similarly in 60-mm dishes. 

Transduction efficiency of GFP vectors was determined by scoring 
fluorescent-positive target cells. 293-ACE2 cells were inoculated at a 
density of 2 × 105 cells per well in 24-well plates. The next day, the 
medium from each well was replaced with different volume of viral 
supernatants containing 8 μg/mL polybrene. Two days later, cells were 
trypsinized and analyzed by flow cytometry. Vector titers were calcu
lated using the following formula (N x P) x 2/(V x D). N = Cell number 
on the day of infection; P = percentage of fluorescent-positive cells 
determined by flow cytometry; V is the viral volume applied; and D is 
the virus dilution factor. Titers were calculated when the percentage of 
fluorescent-positive cells was comprised between 2–20 %. Alternatively, 
GFP positive cells were assessed under a fluorescent microscope. The 3 ×
3 mosaic images of GFP and transmitted light were acquired with a 
Nikon TI-E inverted microscope with a PlanApo VC 20 × 0.75 NA 
objective using a Hamamatsu Orca-ER CCD camera. Acquisition and 
stitching were performed with the Nikon NIS Elements 5.02 software 
program. The fluorescence intensity of infected cells displayed in Fig. 4A 
were scanned using the Fiji software to evaluate the difference in viral 
titers (Schindelin et al., 2012). 

4.4. Protein analysis 

The presence of S at the surface of 293 cells was assessed in transient 
transfections. Subconfluent cells in 6-well plates were transfected for 4 h 
with 5 μg of S or ΔS plasmids by the calcium phosphate procedure, and 
24 h later, the media was replaced with serum-free media (SFM) Bal
anCD HEK293 (Fujifilm Irvine Scientific, Santa Ana, CA). The next day, 
cells were detached without trypsin by gently pipetting up and down the 
medium on top of the cells. A human chimeric anti-S1 antibody (1:200; 
Genscript) followed by an Alexa647-conjugated goat anti-human IgG 
(1;400; Jackson Laboratories) were successively incubated with cells for 
labelling. The fixable viability stain 450 (BD Biosciences, San Jose, CA, 
USA) was used to exclude dead cells. The presence of S was then 
analyzed by flow cytometry with a BD FACSAria II (BD Biosciences). 
Cells transfected with a Galv expression plasmid were used as control. 
The presence of stably expressed S at the cell surface of 293GP–S and 
293GP-ΔS was similarly analyzed by flow cytometry. 

The presence of ACE2 at the surface of 293-ACE2 cells was also 
checked by FACS. Detached cells were labelled with a mouse anti-ACE2 
antibody (1:200; R&D Systems, Minneapolis, MN) followed by an 
Alexa488 goat anti-mouse (1:1,000; Invitrogen, Carlsbad, CA). 

The presence of S released in the supernatant of transiently trans
fected 293GP cells was analyzed by Western blot. Subconfluent cells 
plated in 60 mm were transfected for 4 h with 5 μg of envelope 
expression plasmids and 5 μg of the GFP retroviral plasmid. One day 
later, the media was replaced with 2.5 mL of SFM that was then har
vested the following day. Supernatants were concentrated 10-fold with a 
30 kDa Amicon centrifugal unit (Millipore Sigma, Oakville, Canada) and 
were stored at − 80 ◦C until use. The GFP fluorescence evaluated under a 
microscope at the time of harvest was very similar among the different 
transfected plates. 

Supernatants from confluent 293GP–S, 293GP-ΔS, 293-S and 293-ΔS 
cells were also harvested and concentrated from 60-mm dishes. 

Cell pellets of 1 × 106 cells were resuspended in 100 μL RIPA lysis 
buffer containing a protease inhibitor cocktail (Roche). Samples were 
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centrifuged for 5 min to remove cell debris and stored at − 20 ◦C until use 
for Western blot analysis. 

Samples of 20 μL were incubated 5 min at 95 ◦C in loading buffer 
containing 1 % SDS and 2.5 % β-mercaptoethanol, and run on a 10 % 
SDS-polyacrylamide gel (4 % stacking), followed by transfer onto 
nitrocellulose membranes (GE Healthcare, Chicago, IL). Immunoblot
ting was performed with a rabbit polyclonal antibody anti-S2 (1:400; 
SinoBiological, Beijing, China), a rat monoclonal antibody anti-MLV p30 
produced from the hybridoma R187 (1:2,000; American Type Culture 
Collection, Manassas, VA) and a mouse monoclonal antibody anti- 
β-tubulin (1:1,000; Sigma). Blots were then incubated with secondary 
antibodies IRDylight680 goat anti-rat IgG (1:10,000; Invitrogen) and 
IRDye 800CW anti-rabbit IgG (1:10,000; Li-Cor Biosciences, Lincoln, 
NE), and analyzed with the Odyssey Infrared Imaging System (Li-Cor 
Biosciences). Serial dilutions of known amounts of C-terminally Fc- 
tagged S2 (BioVendor, Brno, Czech Republic) were used for 
quantification. 

4.5. Velocity gradient 

Thirty mL of supernatant from confluent 150-mm dishes of 293GP- 
ΔS and 293-ΔS cells were harvested and filtered through a 0.45 μ 
membrane, and concentrated by ultracentrifugation for 90 min at 
100,000 x g in a AH629 rotor. Pellets containing virions and EVs were 
resuspended in 1 mL PBS containing a protease cocktail inhibitor 
(Roche, Laval, Canada) during 2 h at 4 ◦C. The resuspended vesicles 
were layered onto a 6–18 % Optiprep™ 11-step discontinuous velocity 
gradient (Stemcell Technologies, Vancouver, Canada), and centrifuged 
for 90 min at 176,000 x g in a SW40Ti rotor as previously described 
(Cantin et al., 2008; Dettenhofer and Yu, 1999). Fractions of approxi
mately 800 μL were collected from the bottom after puncturing the wall 
of the centrifuge tube with a gauge needle, and 20 μL of each sample 
were analyzed by Western blot. 
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